Abstract. The inflammatory response has adverse effects on left ventricular (LV) function and remodeling post-myocardial infarction (MI). Interleukin (IL)-33 is considered to have anti-inflammatory properties. The present study examined whether the suppression of inflammation with IL-33 was able to attenuate LV dysfunction and remodeling post-MI. The MI model was induced and the mice were treated with either saline or recombinant IL-33. Inflammatory mediators, LV functional changes and structural remodeling were evaluated. IL-33 significantly suppressed macrophage infiltration and the production of inflammatory cytokines in the myocardium. IL-33 treatment significantly improved LV function, reduced infarct size and infarct wall thinning. MI-induced activation of the p38 mitogen-activated protein kinase (p38 MAPK) and nuclear factor-κB (NF-κB) pathways was also suppressed. Our data demonstrated that IL-33 suppresses inflammatory responses and improved LV function and remodeling by inhibiting the p38 MAPK and NF-κB pathways. IL-33 may be a potential therapeutic target for heart dysfunction post-MI.
Introduction
Cardiovascular disease is one of the leading causes of mortality worldwide (1) . Heart failure resulting from various cardiovascular diseases remains a leading cause of morbidity and mortality worldwide (2) . Despite numerous therapeutic strategies for heart failure, further studies examining the underlying molecular mechanisms are required in order to develop more efficient drugs (3) .
Myocardial infarction (MI) and ischemia reperfusion injury leading to heart failure are closely linked to inflammatory responses (4, 5) . The excessive expression of pro-inflammatory cytokines, including tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1) and IL-6 may lead to adverse effects in the heart (6, 7) . Accumulating evidence has demonstrated that p38 mitogen-activated protein kinase (p38 MAPK) and nuclear factor-κB (NF-κB) activation are involved in myocardial damage and adverse cardiac remodeling (8, 9) .
As a member of the IL-1 family, IL-33, unlike other members, including IL-1β and IL-18, predominantly induces Th2-skewed responses (10, 11) . Notably, depending on the actual context, IL-33 may have either pro-inflammatory or anti-inflammatory properties (12) . Of note, IL-33 has a protective effect in atherosclerosis (13) . However, the therapeutic effect of IL-33 on left ventricular (LV) dysfunction and remodeling following MI remains unclear. Thus, the present study aimed to elucidate the role of IL-33 in LV dysfunction and remodeling post MI.
Materials and methods

Animals and reagents.
All experiments were approved by the Institutional Animal Ethics Committee of the First Affiliated Hospital of Xinxiang Medical University (Xinxiang, China) and the study was approved by the Ethics Committee of The First Affiliated Hospital of Xinxiang Medical University. The study was approved by the ethics committee of the First Affiliated Hospital of Xinxiang Medical University, Xinxiang, China.. C57BL/6, 10-week old mice were procured from the Xinxiang Medical University Animal Laboratory (Xinxiang, Henan, China).
Antibodies against NF-κB p65, p-p38 and total p38 were purchased from Cell Signaling Technology (Boston, MA, USA). β-actin was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). The recombinant mouse IL-33 was obtained from R&D Systems (Minneapolis, MN, USA).
MI induction and treatments. Mice MI was induced by ligation of the left anterior descending coronary artery (LAD) (14) . The mice were injected intraperitoneally with recombinant mouse IL-33 (1 µg; MI + IL-33 group) or saline (MI group) on 0, 1, 2, 3, 4, 5, 6 and 7 days post-MI. The administration of IL-33 was based on a previous study (13) . The sham group underwent the same procedure with the exception of LAD ligation and received intraperitoneal IL-33 attenuates cardiac remodeling following myocardial infarction via inhibition of the p38 MAPK and NF-κB pathways saline. Inflammatory indicators were detected on day 3, LV functions on days 14 and 28 and structural remodeling on day 28 post-MI (15) .
Echocardiography. The recording of the transthoracic 2D M-mode echocardiogram was obtained using a Toshiba Aplio 80 imaging system (Tochigi, Japan) equipped with a 12 MHz linear transducer. Echocardiography was performed at baseline and at 14 and 28 days post-MI under anesthetization. M-mode tracings were used to measure LV wall thickness, left ventricular end-systolic diameter (LVESD) and left ventricular end-diastolic diameter (LVEDD). The percentage of fractional shortening (FS) and ejection fraction (EF) were calculated as reported (16) . All echocardiographic assessments were performed by the same investigator.
Morphology. The hearts were fixed with 10% buffered formalin and embedded in paraffin. Examination of the morphology, including infarct size and wall thickness, was performed on Masson's trichrome staining. Wall thickness was measured perpendicular to the infarcted wall at three separate regions and averaged.
Terminal deoxynucleotidyl transferase mediated dUTP nick end-labeling (TUNEL) staining. TUNEL staining was conducted on 4 µm thick paraffin-embedded sections according to the manufacturer's instructions (cell death detection assay; Roche Diagnostics, Mannheim, Germany). DAPI staining was used to count the total number of nuclei.
Assessment of cytokine levels. Six mice from each group were euthanized 3 days following surgery. The levels of TNF-α, IL-1β, IL-6, IL-17, interferon inducible protein-10 (IP-10) and monocyte chemotactic protein-1 (MCP-1) were quantified in the border zone of the infarct as described previously with specific ELISA kits (R&D Systems) according to the manufacturer's instructions.
I m m u n o f l u o re s c e n t s t a i n i n g o f m a c ro p h a ge s.
Immunofluorescent staining for tissue sections was performed as previously described (17) . The hearts of mice were harvested following surgery and frozen. Non-specific protein binding was inhibited with 10% normal horse serum. The sections were incubated with rabbit anti-F4/80 antibody (1:50; Abcam, Cambridge, MA, USA) at 4˚C overnight, followed by Cy3-goat anti-rabbit IgG as a secondary antibody for 30 min. The normal rabbit IgG served as the negative controls. Images were examined with a fluorescent microscope (Nikon, Tokyo, Japan).
Western blot analysis. Tissue lysates were prepared from the LV infarct border zone. Total or nuclear proteins from tissues were extracted using extraction kits (Millipore, Billerica, MA, USA). Proteins (40 µg) were electrophoresed and analyzed using corresponding primary antibodies as indicated above. The protein was verified using antibodies against β-actin.
Statistical analysis. Data are presented as the mean ± SEM and analyzed using the Student's t-test or one-way analysis of variance test. P<0.05 was considered to indicate a statistically significant difference. Table I ) and a decreased percentage of FS and EF at 28 days post-MI (P<0.05 vs. baseline; Fig. 3B ; Table I ). IL-33 treatment attenuated heart dysfunction by significantly lowering LVESD and LVEDD and increasing the percentage of FS and EF in comparison with the MI group (P<0.05 versus the MI group; Fig. 3B ). The heart rates were comparable between the groups. The changes in LV function were also observed at 14 days in a trend similar to that 28 days post-MI (Table I) . 
Results
IL-33 treatment inhibits inflammation in the myocardium
IL-33 treatment inhibits infarct
IL-33 inhibits MI-induced cardiac cell apoptosis.
The TUNEL method was used to detect cardiac apoptosis 3 and 28 days post-MI. Similar trends were observed at the two time points following MI. MI increased the number of apoptotic cells in the border zone of infarction compared with the sham group (apoptosis: 3.07±0.24 vs. 0.32±0.01%; P<0.01; Fig. 4C ). IL-33 administration significantly reduced the number of apoptotic cells in the border zone of the LV infarct (apoptosis; MI + IL-33; 1.83±0.28%; P<0.01 vs. MI; Fig. 4C ).
IL-33 suppresses p38 MAPK phosphorylation and NF-κB activation post-MI.
Western blot analysis demonstrated that phosphorylation (activation) of p38 MAPK (p-p38) was upregulated in the myocardium 3 days post-MI (P<0.01 vs. sham; Fig. 5A ). IL-33 treatment significantly reduced the phosphorylation of p38 MAPK (P<0.01 vs. MI; Fig. 5B ). As expected, nuclear NF-κB p65 protein expression was significantly upregulated following 3 days of MI (P<0.01 vs. sham; Fig. 5B ), which was suppressed by IL-33 treatment (P<0.01; Fig. 5B ).
Discussion
Cardiac events, including reperfusion injury and cardiac remodeling, have been associated with the activation of pro-inflammatory cytokines, including TNF-α, IL-1β and IL-6 (18) . In the present study, IL-33 limited the inflammatory response in the mouse MI at 3 days and improved the LV function and remodeling at 28 days post-MI. The above effects were at least partly due to IL-33-mediated suppression of cytokines, p38 MAPK and NF-κB activation.
Inflammation contributes greatly to pathological cardiac remodeling and therapeutic approaches targeting inflammatory cascades have offered promise for heart failure (19) . The present study consistently demonstrated that the infiltration of F4/80 + macrophages in the border zone of the myocardium was significantly increased 3 days post-MI. Inflammatory infiltration was accompanied with an increase in various pro-inflammatory cytokines and chemokines (IL-1β, IL-6, IL-17, TNF-α, IP-10 and MCP-1) following MI.
IL-33 treatment reduced atherosclerosis development in ApoE-deficient mice on a high-fat diet (13) . The reduction in IL-33 levels increased the sensitivity of the myocardium to ischemia/reperfusion injury (20) . In patients with chronic heart failure, IL-33 may exert anti-oxidation effects (21) . Consistently, IL-33 treatment inhibited macrophage infiltration and pro-inflammatory mediators in the myocardium. Anti-TNF-α therapy failed to control chronic heart failure in humans, which was partly due to unchanged IL-1β, IL-6 and MCP-1 levels (22) . IL-1β antagonism provides cardioprotection against ischemia-reperfusion injury associated with a reduction in apoptosis (23) . In the present study, IL-33 was found to inhibit not only TNF-α, but also IL-1β, IL-6, IL-17, IP-10 and MCP-1, which have adverse effects on cardiac remodeling. p38 MAPK has been demonstrated to mediate the important events in myocardial apoptosis and functional depression via production of TNF, IL-1β and IL-6 following myocardial ischemia (24) . The selective inhibition of p38 MAPK exhibited cardioprotective effects in a rat model (25) . NF-κB activation in cardiomyocytes contributed greatly to myocardial ischemia/reperfusion damage (26) . Inhibiting NF-κB activation reduced cardiac inflammation and apoptosis in a rat model (27) . Importantly, our results demonstrated that the administration of IL-33 inhibited p38 MAPK phosphorylation and NF-κB activation. Therefore, in the current study, IL-33 mediated attenuation of LV dysfunction and remodeling may be, at least partly, due to the suppression of the p38 MAPK and NF-κB pathways.
Taken together, our data suggest that IL-33 reduces the pro-inflammatory responses and contributes to improved LV function and remodeling via affecting the activation of multiple cytokines following MI, possibly via the suppression of the p38 MAPK and NF-κB pathways. In addition, understanding the role of IL-33 in the heart may provide novel therapeutic approaches in cardiovascular diseases.
